I. INTRODUCTION

I
NVESTIGATION into the implementation of software reconfigurable radio has highlighted the importance of flexible receiver front-end filtering [1] . In order to take advantage of a diverse range of wireless channels and standards, a wide range of frequencies and bandwidths should be selectable. A single reconfigurable filter capable of operating over the complete range is likely to offer significant savings in terms of size and system complexity.
The continuing maturation of RF microelectromechanical systems (RF MEMS) has led to the possibility of wide-range tunable filters with low current consumption, low distortion, and potentially low cost. These devices have been used as alternative tuning elements in filters traditionally tuned using varactor and p-i-n diodes, but they have also prompted the design of new tunable filter topologies.
The use of RF MEMS as the tuning elements in lumped-element filters has been demonstrated [2] - [5] . Due to the lack of high-MEMS-tunable inductors, the majority of these designs use lumped air-core inductors, the tuning being done using MEMS capacitors. Octave center frequency and 6 : 1 bandwidth tuning ranges have been reported [5] . RF MEMS have also been used to tune distributed filters. The center frequency of this class of filter can be altered by direct physical transmission-line length adjustment [6] or by the indirect capacitive loading of the resonant transmission-line elements [7] , [8] . Bandwidth tuning is less common in planar filters due to the difficulties of adjusting the inter-resonator coupling. Tunable lumped-element coupling tends to alter the characteristics of the resonators, obligating the additional control of their resonant frequency [9] . Center frequency and bandwidth tuning by independent control of attenuation poles has been successfully demonstrated, however, the frequency dependence of the quarter-wavelength impedance inverters placed a severe limitation on the center-frequency tuning range of the design [8] .
This paper investigates a wide center-frequency and bandwidth tuning range filter utilizing lumped-distributed coupled transmission-line resonators. The coupled resonator structures employed are particularly suitable for use with RF MEMS contact and capacitive switches. They allow wide range tuning of both the resonant frequency and coupling coefficient, limited only by the electrical size of transmission lines and the placement density of the RF MEMS devices. Futhermore, the use of multiple distributed tuning elements results in a flexible structure where the resonator unloaded remains independent of the tuning mechanism [10] . In order to achieve this, a modified combline topology is adopted, consisting of pairs of grounded quarter-wavelength coupled resonators whose input and output terminals are at the same end. The structure becomes tunable by incorporating switchable coupling capacitors and switchable ground connections along the length of the resonator lines (Fig. 1) . The advantages of this topology are threefold: firstly, only a single grounding switch is in-circuit regardless of the selected length, therefore, the impact of resistive switch losses on the resonator remains constant. Secondly, it retains a constant overlap region and coupling factor regardless of the coupled-line length. Finally, because the electromagnetic (EM) coupling between the transmission lines is antiphase to the lumped capacitive coupling, very low coupling coefficients can be obtained regardless of coupled-line spacing.
Using mathematical models developed in Section II, the coupling coefficient and transmission characteristics of the structure can be analyzed. The lumped-distributed capacitive coupling introduces an additional attenuation pole and it is shown that the antiphase relationship between the modes of coupling allows this pole to be placed either above or below the primary passband.
A filter synthesis technique based on these models is introduced in Section III. Using this technique, the initial filter parameters can be derived from standard filter prototype values.
The tuning performance of the filter is presented visually and discussed in Section IV. The theoretical filter performance and synthesis procedure are then verified through the design and measured results of a third-order lumped-distributed coupled-line filter realized in coplanar waveguide.
II. LUMPED-DISTRIBUTED COUPLED LINES
A pair of lumped-distributed coupled lines is shown in Fig. 1 having a per-unit-length coupling capacitance (1) and a coupled region length (2)
A. Mathematical Circuit Model
A mathematical model of the lumped-distributed coupled-line section can be derived in several ways. A model that describes the true periodic nature of the lumped-distributed structure can be derived by using a combination of periodic and evenand odd-mode circuit analyses. However, it is also possible to model the circuit as purely distributed, leading to greatly simplified equations. A lumped-distributed structure exhibits its first stopband when its guided wavelength approaches the periodic spacing of the lumped components. At well below this stopband, the structure can be accurately approximated as purely distributed. This is the approach taken here.
A pair of coupled lines can be described in terms of their evenand odd-mode characteristic admittances ( , ) and phase velocities ( , ). In the quasi-static case, these even-and odd-mode parameters can be represented in terms of equivalent lumped per-unit-length inductances and capacitances, as shown in Fig. 2 [11] . The relationships are where and are the self-capacitance and inductance of one of the lines and and are the mutual capacitance and inductance between the coupled lines. Equations (3) and (4) can be rearranged to find the value of the equivalent lumped-circuit elements (5) (6) Additional inter-line coupling capacitance will have no effect on the parameters , , and and, as a consequence, the even-mode parameters and will remain unchanged. However, the odd-mode parameters will be affected and, by making use of (3)- (6) the new values and can be expressed in terms of the original odd-mode parameters and the additional per-unit-length coupling capacitance . The result is (7) and (8) The admittance parameters of a symmetrical two-port network are related to the even-and odd-mode input admittances by the following two expressions: and
Since the one-port even-and odd-mode input admittances of the lumped-distributed coupled-line model both have the form (10) where are the even-or odd-mode coupled-line phase lengths, the two-port admittance parameters can be written as (11) and (12) where is the angular velocity and is the coupled-line length.
B. Coupling Coefficient Analysis
Using the formulation developed in [12] , the coupling coefficient of the lumped-distributed coupled-line structure can be found from its simulated frequency response. Typical results are shown in Fig. 3 where the coupling coefficient for a pair of coupled microstrip lines is plotted against the total lumped capacitance for various values of coupled-line spacing . The change in gradient of the coupling coefficient, from negative to positive, is indicative that, for this coupled-line configuration, the distributed EM coupling is primarily magnetic in nature and is in antiphase to the direct capacitive coupling. The result is that, at low values of lumped coupling capacitance, the coupling coefficient is actually reduced, allowing the coupling coefficient and, therefore, the filter bandwidth, to be controlled down to a very low value without the need for large coupled-line spacings.
The electric and magnetic coupling coefficients are the ratio of coupled-to-stored electric and magnetic energy. In the quasistatic case, they can be derived from the capacitance and inductance elements of the lumped equivalent circuit. Summing the two yields the total mixed coupling, which, for this configuration, takes the form (13)
C. Transmission Characteristics
Using two-port circuit analysis, the ratio of input-to-output voltage or voltage attenuation function for a pair of sameend-shorted coupled lines terminated in a source and load admittance can be found from (11) and (12) as (14) Poles of attenuation occur when the denominator of (14) is equal to zero. This condition is satisfied when . For purely distributed same-end-grounded coupled lines in a nonhomogenous medium, the condition for a pole of attenuation is met only at dc. Complete transmission corresponds to zeros in the numerator, which occur when either or equal . This indicates that the primary passband is centered between the even-and odd-mode quarter-wavelength frequencies, its width being dependent on the ratio of to and . Further passbands occur at all odd harmonic frequencies.
The lumped capacitance introduces an additional attenuation pole. At low values of capacitance, where the coupling is still primarily magnetic, the pole appears above the primary passband. As the capacitance is increased, the pole frequency reduces until the pole and zero frequencies coincide and the primary passband disappears. The value of capacitance at which this occurs can be found by substituting (5) and (6) into (13) and setting . This value corresponds to the point of gradient change in Fig. 3 and is given by (15) When the lumped capacitance is larger than this value, the pole appears below the primary passband. Accordingly, two regions of variable coupling coefficient can be defined above and below . Using adjustable lumped capacitance in the lower region results in a bandwidth tunable filter with better high-side rejection. However, the maximum achievable bandwidth in this case occurs when the lumped capacitance is set to zero and will be dictated by the EM coupling that can be achieved. The maximum amount of EM coupling that can be obtained from a pair of same-end-grounded coupled lines is limited by the degree to which the structure supports unequal odd-and even-mode wave velocities. In practice, this will limit the use of the high-side pole variant to narrow-band filters.
However, using adjustable coupling capacitance in the second region (above ), although giving compromised upper stopband performance, does lead to a design where the maximum bandwidth is limited only by the capacitance value.
III. SYNTHESIS
A technique for deriving filter design equations is described in [13] . It is based on Cohn's direct-coupled filter synthesis technique [14] ; however, rather than relying on the derivation of expressions for the inverter and resonator slope parameters, it simply compares the admittance and phase of sections of the filter to be designed with those of a generic inverter-coupled filter, forcing the two to correspond at specific points in the filter passband. The interior sections of the filters are described and compared in terms of their image parameters, while the end sections are compared by defining an admittance seen looking through them toward the source. This method is useful for filter circuits where the inverter and resonator functions cannot be mapped directly to those of the generic inverter coupled filter.
The circuit divisions of the generic inverter-coupled filter are shown in Fig. 4(a) , where the sections are indicated by labels -. The circuit is a modified form of the standard filter prototype circuit, which uses only one kind of reactive element along with admittance inverters to . The admittance inverters are assumed to be ideal and frequency independent. The image admittance and phase for the interior sections of the modified prototype circuit ( -) are given by (16) (17) under the condition that the capacitors , where is an arbitrary admittance scaling factor, is the terminating conductance, and are the low-pass filter prototype element values, and is the angular frequency of the low-pass prototype filter having a cutoff frequency rad. The admittance , needed to relate the end sections of the filters, is defined by looking at the source through the end section of the modified prototype circuit, as shown in Fig. 4(a) . Given that , it is easily seen that (18) The division of the lumped-distributed coupled-resonator filter into symmetrical sections is shown in Fig. 4(b) . Each of the sections consists of a single pair of coupled resonators. The image admittance and phase can be found directly from the two-port -parameter expressions derived in Section II by using the following relations:
The admittance of the end sections can be obtained by using the -parameter -network equivalent circuit (21)
A. Conditions of Correspondence for Interior Sections
When relating the lumped-distributed coupled resonator filter to the modified prototype, the use of the parameter correspondences from [13] leads to an error in the center frequency and bandwidth of the resultant filter. This error is caused by the asymmetric passband response of the lumped-distributed coupled-line circuit and is proportional to the value of capacitive coupling. The correspondence can be improved through the use of a frequency-mapping function derived by equating the image phase of the two circuits (17) and (20) as follows: (22) where is the new scaled frequency variable. The interior sections -of the modified prototype are then related to the interior sections -of the coupled-line circuit by forcing the following correspondences:
where is the value of the scaled frequency variable from (22) corresponding to , and and are the lower and upper band edge frequencies related to the band center frequency and fractional bandwidth by and (26)
The effect of these correspondences is to force the correct phase conditions at the band edges of the coupled-line section, while at the same time, ensuring that the image admittance is the correct value at the electrical band center (where ). Solving the three resulting equations simultaneously for given values of , , , , , , and yields a solution in terms of the coupled-line length , coupling capacitance , and the admittance scaling factor for each interior section. The admittance scaling factor must be held constant throughout the filter. When the number of interior sections exceeds two, this no longer occurs coincidentally, and the interior sections must be solved in an iterative manner; firstly, to find the required value of to give reasonable admittance levels and, secondly, for the coupled-line parameter values for each of the interior sections.
B. Conditions of Correspondence for End Sections
The end sections and of the modified prototype are related to their corresponding coupled-line end sections -by forcing the following correspondences:
where is the electrical band center derived from the interior sections. The first correspondence ensures that the electrical band center for the end sections aligns with that of the interior sections, while the second correspondence forces the correct admittance transformation level into and out of the filter. As with the interior sections, the two resulting equations can be solved simultaneously using numerical methods and a solution found in terms of the coupled-line length and coupling capacitance for given values of , , ,
Once the design values for the individual sections have been found, the complete filter can be constructed by connecting the near-side resonators of adjacent sections to form a series of halfwavelength resonators coupled to each other along half their length. The filter differs from a quarter-wave combline topology in this respect, but the difference is necessary in order to accommodate the grounded MEMS switches. Unfortunately, the resulting structure supports passbands at all harmonic frequencies. This can be observed in Fig. 5 , where the responses of an ideal fifth-order lumped-distributed coupled resonator filter are plotted with the poles of attenuation placed above and below the passband, respectively. 
IV. TUNING ANALYSIS
Using the equations developed in Section III, a filter can be designed from a number of lumped-distributed coupled-line sections. Solving these equations results in specific values of coupling capacitance and line length for a given filter center frequency and fractional bandwidth. Once these initial design values have been selected, the filter is tuned by the discrete switching of ground connections and coupling capacitors. Since the tuning is not continuous, only certain values of center frequency and bandwidth can be obtained. Furthermore, the relationships between coupling capacitance, resonator length, fractional bandwidth, and center frequency are not linear.
From (3) and (4), it is clear that the coupling capacitance acts to reactively load the transmission lines, altering their odd-mode characteristic impedance and phase velocity. As the coupling capacitance is tuned, the effective phase velocity and, consequently, the resonant frequency of the transmission lines is altered. However, this change in phase velocity is not consistent throughout the filter. To achieve the impedance transformation required in practical transmission-line filters, the coupling capacitors of the filter end sections must be significantly larger than those of the interior sections. Changing the bandwidth involves scaling the inter-resonator coupling throughout the filter and the disproportionate size of the end section coupling capacitors means that their scaling has a greater effect on the phase velocity. This leads to a misalignment of end and interior section resonant frequencies, ultimately distorting the filter shape. Continuously variable resonator lengths could compensate for this by incremental adjustment; however, this is not possible in the discrete design. The result is that a good filter shape is only available at certain tuning points.
In order to gain an appreciation of this effect, it is helpful to plot the points where good filter shape can be achieved on the two-dimensional tuning surface of the lumped-distributed coupled resonator filter; fractional bandwidth versus center frequency. To do so, a measure of a particular tuning point's deviation from the desired filter characteristics is required. One way of expressing this deviation is to determine the line length and coupling capacitance of each filter section required for a particular fractional bandwidth and center frequency. The deviations of each of these length and capacitance values from the available discrete values can then be combined to give an overall error value. Plotting this error value on a contour plot versus center frequency and bandwidth gives a visual representation of the tuning performance of a particular filter. As an example, the error contour plot for the experimental filter to be introduced in Section V is shown in Fig. 6 . The experimental filter has four lumped-distributed coupled-line sections and eight length and capacitance parameters. Due to the filter symmetry, only four of these are needed to find the overall error. This error value will vary between zero, for a perfect filter shape, and two, for maximum error. In the latter case, every length and capacitance parameter is exactly midway between discrete tuning points. The plot shows a series of good tuning points at the initial design fractional bandwidth (which, in this case, is equal to 0.15), uniformly spaced at frequencies corresponding to the discrete length tuning points. This occurs because, in this design, all of the filter sections have the same number of tunable length segments, resulting in the synchronous tuning of their electrical lengths.
For different values of fractional bandwidth, the relationship becomes more complex. As alluded to earlier, this is caused by the changes in per-unit-length coupling capacitance. The result is that the points on the tuning surface, which yield good filter performance, follow nonequispaced lines, which diverge as the center frequency increases. The tuning surface plot provides a useful aid in visualizing these relationships and in selecting the appropriate tuning points for desired filter characteristics.
V. EXPERIMENTAL RESULTS
To verify the theoretical analysis of Section IV and to test the lumped-distributed coupled-line filter's tuning capabilities, a third-order filter with 16 tunable segments was designed and fabricated based on a Butterworth prototype. A coplanarwaveguide medium was used, as it allows well-defined and easily adjustable ground connections for the resonators. The intention was to provide electronically controlled center-frequency and bandwidth tuning through the use of MEMS switches and MEMS bi-stable capacitors; however, for prototyping purposes, the transmission-line lengths and lumped coupling capacitance were adjusted manually through the use of removable printed links to ground, and surface-mount 0603-size capacitors. The filter was designed to operate in the region above (refer to Section II-C) having a maximum fractional bandwidth of 15% withallcouplingcapacitorsincircuit.Thedesigncenter-frequency tuning range of the filter was from 350 MHz (16 segments) to 
GHz (four segments)
. A low-loss microwave laminate was used ( mm, , ). Various critical dimensionsofthecoupledlinesofthefilterwerepreselectedbased ontheparametersofthislaminate,andaregiveninTableI.
A full-wave EM simulation was used to extract the even-and odd-mode characteristic impedances and phase velocities of a pair of coplanar-waveguide coupled lines with these critical dimensions and a lower ground plane. These are also listed in Table I . Using these coupled-line parameters and the appropriate prototype filter element values, the unit length and coupling capacitance for both the interior and end sections were derived using the technique described in Section III. The resulting values are given in Table II. A lumped-distributed coupled-line filter prototype was fabricated using standard lithography techniques. A drawing of the resultant filter layout is shown in Fig. 7 ; for clarity, the switchable coupling capacitors and ground connections are not shown. The filter measures approximately 44 240 mm.
A hybrid model for the lumped-distributed coupled-line filter was built up from analytical and full-wave EM simulations using Agilent Technologies ADS. To reduce the simulation time and allow for the inclusion of multiple lumped components, EM simulations were only carried out on smaller circuit segments and the resulting data was integrated into an analytical simulation in the form of -parameter blocks. The periodic nature of the lumped-distributed coupled-line circuit meant it was well-suited to this hybrid approach. This EM and analytical hybrid model was used to simulate the response of the experimental filter. This is presented in Fig. 8 along with the measured results of the filter at the initial design frequency and bandwidth. For medium bandwidths and low filter order the upper stopband rejection is poor, however, the simulated response shows reasonable correlation with the measured results. The increase in frequency of the low-side attenuation pole has been shown to be caused by cross-coupling between nonadjacent resonators.
A. Center-Frequency Tuning
Although many different center-frequency tuning states are possible, the largest number having constant fractional bandwidth occur at the design value of 0.15, as discussed in Section IV. These tuning states can be obtained by switching all the coupling capacitors in circuit and discretely varying the length of all the coupled-line sections synchronously. A selection (indexed as -in Fig. 6 ) of the 16 possible tuning states are shown in Fig. 9 along with the corresponding simulated responses. The filter gives almost constant fractional bandwidth across the complete tuning range, except for a slight reduction at low values of coupled-line length (from 14% to 11.5%). The variation in insertion loss across the tuning range is also minimal. This reflects 
B. Bandwidth Tuning
To test the bandwidth tuning capabilities of the filter, two groups of sample points were chosen, which had similar center frequencies, but a range of bandwidth values. The two groups are indexed in Fig. 6 clustered around 800 and 400 MHz. The details of these points are given in Table III . Each of the points corresponds to a local minimum in the error function. The center frequency and fractional bandwidth for each of the points were obtained from Fig. 6 and are based on empirical relationships extrapolated from a selection of values calculated using the synthesis process. The four central columns of the table are the numbers of coupling capacitors and length segments required to achieve each fractional bandwidth and center frequency. In most cases, these numbers have been rounded from a noninteger number, indicating that a perfect filter shape cannot be obtained. The corresponding error value reflects the extent of this rounding in each case.
Each of these points was measured using the experimental filter and the actual center frequencies and bandwidths are listed in the final columns of Table III Table III . Fig. 11 . Measured insertion loss of experimental lumped-distributed coupled-line filter for five of the ten bandwidth tuning points detailed in Table III . Fig. 12 . Measured insertion loss of experimental lumped-distributed coupled-line filter for five of the ten bandwidth tuning points detailed in Table III .
C. Discussion
The results shown here demonstrate that both wide range center-frequency and bandwidth tuning are possible using the lumped-distributed coupled-line topology. The experimental filter could be tuned in discrete steps over two octaves of center frequency, i.e., 350 MHz-1.4 GHz, with little degradation in the response. In addition, a number of different bandwidth settings could be selected, ranging from 3.8% to 14.5%; a 3.8 : 1 tuning range. A disadvantage is that the tuning ranges are not uniform; at lower frequencies, there is a greater choice of both center frequency and bandwidth. However, it may be possible to provide more consistent tuning resolution through the use of reconfigurable resonators, which can be switched either in parallel or series [15] .
An essential aspect of tunable filter design is the effect of the tuning mechanism on the filter insertion loss. Simulations using realistic values for the contact resistance (0.5 ) and (50) of the RF MEMS contact and capacitive switches show that the unloaded of the resonators varies from a nominal value of 28 by only 21% across both frequency and bandwidth tuning ranges. This indicates that the filter structure is relatively independent of the number of tuning elements employed.
VI. CONCLUSION
The lumped-distributed coupled-line filter topology described in this paper was developed to provide a filter structure, which could be tuned in both bandwidth and center frequency over a wide range. The shunt and parallel connections of the multiple distributed switching elements means that the losses remain constant regardless of the number of switching elements employed. The number and range of the tuning steps is thus only limited by the number of switching elements, not by losses in the filter structure itself. The antiphase relationship between the EM and capacitive coupling coefficients of lumped-distributed coupled lines allows for very low fractional bandwidths without the need for widely spaced lines. A filter synthesis procedure has been developed based on network models of the coupled lines, allowing the parameters of the filter to be derived from standard filter prototype values. This procedure and the performance of the lumped-distributed coupled-line filter have been verified through experimental results.
Further study will involve reducing the filter to a standard combline structure through the intelligent implementation of the filter and switching elements. This will lead to greatly improved harmonic performance and a twofold reduction in electrical size. The use of lower coupling capacitance values to improve the upper stopband rejection, as described in this paper, will result in a high-performance discretely tunable planar filter, reconfigurable in both center frequency and bandwidth.
